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The rebirth of hadron spectroscopy

e Lots of unexpected, puzzling experimental results
o especially in heavy quarkonium sector

e Difficulties in QCD calculations hinder accurate predictions for spectra

e Interplay of experimental results and effective models/LQCD is needed
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Why heavy hadrons

Multi-quark systems are possible at any energy [Jaffe, Wilkez, PRL 91 232003 (2003)]

However, no smoking gun to distinguish qg from gqqqgq in light sector
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With heavy quarks separating conventionals and exotics is much simpler, e.g.

e Mass >3 GeV/c?
— o e  Small width (/M <0.)
‘ e Large BF for J/y (or DD) + X decay

= Must contain cc pair

A. Boschetti — WIFAI 2023 — Spectroscopy at Belle Il



XY/ states

What are they? Several models compete:

Standard quarkonia [Swanson, PRD 91, 034009 (2015)]
Meson molecules: shallow bound states of two mesons
[Guo et al., Rev.Mod.Phys.90,015004 (2018)]

e Compact tetraquarks: diquark-antidiquark states bound
by the color force [Polosa et al.,, PRD89, 114010 (2014)]

e Hybrids: colored QQbar states with bound excited gluon
[Meyer and Swanson, Prog.Part.Nucl.Phys. 82, 21 (2015)]

e Hadroquarkonium: QQbar state surrounded by a cloud of
light quarks [Dubinskij et al., PLB 666, 344 (2008)]

Comprehensive reviews

e Brambilla et al,, Eur. Phys. J. C (2011) 1534
e Olsen et al, Rev. Mod. Phys. 90 (2018) 015003

A. Boschetti — WIFAI 2023 — Spectroscopy at Belle Il



Belle Il at SuperKEKB

e Super B-factory = optimized for Y (4S)

e Quarkonium spectroscopy

o Tunable beam energy: from Y (1S) to Y (6S)

o Projected luminosity ~ 40x wrt previous B-factory

o | Electron-Positron
linear accelerator
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SuperKEKB

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

h— -* (end-caps , inner 2 barrel layers)
e P

EM Calorimeter A
Csl(T1), waveform sampling electronics ‘

o

\\‘> % . |-
= Particle Identification
electrons (7 GeV) S Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)
Vertex Detector
2 layers Si Pixels (DEPFET) + ]
4 layers Si double sided strip DSSD

positrons (4 GeV)

Central Drift Chamber
Smaller cell size, long lever arm



Quarkonium at Belle |l

e Production

JPe=g-+

T Iy

. o .. ChangeCM ™
vy collisions Initial state radiation energ%,

B decays Double cC  G=41

e Decays

o Hidden flavor transitions: radiative, hadronic

o Decays: above threshold = open flavor | below threshold = leptonic, hadronic
e Analysis techniques

o Exclusive: complete decay reconstruction = very clean samples

o Quasi-exclusive: Full Event Interpretation (FEI) = sum of exclusive modes

o Inclusive: missing momentum. Knowledge of collision energy = full reco not

required = high ¢
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Above Y (4S) scans

High energy scans @ Belle and BaBar = R,

e Peaks at10.86 and 11.02 GeV
=Y (5S), Y(6S)
e Dipsat10.65,10.75 GeV
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Discovery of Y(10753) in T transitions
o(Y " 91 ): peaks at 10.89, 11.02 GeV
Bump at 10.75 GeV ?

We want to know more about the nature
of this structure

IS
T

5(X(1S)2") (pb)

n'7) (pb)

o(T(28)

') (pb)

o(Y(39)

e T‘“Lmﬁ

[Belle, JHEP 10 (2019) 220]



Fitting the R scans

Coherent sum of continuum and 3 BW functions Coupled channel analysis using the K

[Dong et al,, Chin. Phys. C 44 (2020) 8, 083001] matrix formalism
[HUsken et al., PRD 106 (2022) 9, 094013]
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SuperKEKB high energy scan data

~4 times the Belle luminosity between [10.6, 10.85] GeV has been recently collected (2021)
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Belle || analyses



Observation of Y(10753) » wx,,(1P)

Motivated by prediction for S-D mixed state
[PRD 104 034036 (2021)]:

BR comparable with B(wxp1)

Y, > T Y (nS), Blwyo) ™~

U] =

Inspired by the decay modes observed by BESIII:

o VY(4230) » X (IP)w
e Y(4230) > yX(3872)

XbJ
/
F8) (rete i)
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Observation of Y(10753) » wx,,(1P)

g 8- Belle |l data Belle II, 1.6, 9.8, and 4.7 fb ™" N
e Thesignalislarger thanin Q == Belle data EIC)
—~ : R = Total fit E _:4 Nt
- RO ; + === Solution | 1y
Y(10753) » Y (2S)ar+r |  § e
(Compare with Y (5S)) T = 117
L 20
& 2 1 ®
O [ —:1 o)
e Thesignal at Y(5S) is likely a tail T S o) R O R v o 1 0
s (GeV)
PRL 130, 091902 (2023)
e Two JP¢ =17 states, AM =120 MeV, 1 order of magnitude diff in 0 = hints at different
structure
0(e+e‘—+xb1(1P)w) Pure Y (3D) would give 15 [Guo et al., PLB 738 (2014), 172]

= 1.31£0.6 Slight tension with mixed 4S-3D state

o I
a(ete™ —=Xpo(1P)w) [Li et al., PRD 104 (2021) 034036]
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Search for X,

X, = bottomonium analogue of X(3872)

Existence predicted in both molecular and tetraquark
models

e Molecule = M close to BB* threshold
e Tetraquark = 10 <M <11 GeV/c?

No x, near BB* threshold = No X ?

Strong UL on 0 = exclude tetraquark hypothesis

%-11 2r
S : I—
8 1.0 Y(65)
2108 v6s) -~ b
@ [ S
> i _Open Beauty
10.6 = /
R A,
104 ... h,(3P)
C Y(3S) 1,(8) e
10.2 = lu(zp) h,(2P)  p——y
- Y(1D)
—
10.0[ y 25
C —— L
9.8 AL T
96
94 vay ——
C n,(19)
9.2 -
J*€ 1~ o* o0,1,2* 1+ 1,2,3
3 1 3. 1 3
S 5, Poi2 Pi Dy,

Negligible isospin breaking for X,

= 3m mode enhanced wrt 2T

Specific model by
Takizawa & Takeuchi, PTEP 9, 093D01

% core
state
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Search for X,

Same Y (1S) ' ® y final state
Search for resonances in M(Y(1S)w)
Reflection from Y(10753) » wx,,(1P)
No evidence for X signal

V3 (GeV) My, (GeV) 0¥ (pb)
10.653 10.59 0.55
10.701 10.45 0.84
10.745 10.45 0.14
10.805 10.53 0.47
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Search for Y(10753) » X, ,(1P)w, n, (1S)w

Motivation

e Tetraquark model = strong
enhancement for Y(10753) » n _(1S)w
(30x Y (2S)r+11-)

[CPC 43 (2019) 12, 123102]

e Observation of enhancement for
W(4220)-x_,(1P)w wrt
Y(4220)-x,,(1P)w
[BESIII, PRD 99 (2019) 091103]

(1P) and n,(1S) don't have few body decays
fh|gh BF = inclusive analysis
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Search for Y(10753) » X, ,(1P)w, n, (1S)w

Fit to Mreco”(‘IT+‘1T_‘1TO) = no significant signal observed, 90% CL upper limits are set
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£ E - £ 900005 ... n'(18) UL at 90% CL
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e Belle Il, 9.8 fb" 2000
[ —— Total fit s I 15000E- | 1
40 . x (1P) Vs = 10.745 GeV & Belle I, 9.8 fb
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0f oF
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ole'e™ X, (IP)w) < 8.7 pb o(e’e™ n,(1S)w) < 2.5 pb
compare w/ a(e*e» Y(nS)m*m) ~ 2.0 pb
[JHEP 10 (2019) 220]
Results do not support the tetraquark model in [CPC 43 (2019) 12, 123102]
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e*e” > BB + BB* + B*B* cross sections

Motivation AR[TTT T T e
108 107 108 109

e Investigate properties for all bottomonia 2F el ]
near/above threshold i ,/"\ ]
o = Y(10753) partial widths B Py :
e First ingredients for coupled channel i BB r" | ‘l\ ]
analysis of exclusive modes e {BBY / N “‘ ]
e Add new scan points for R_fits ! f /\ ‘,” \ )"Bsﬁs" A~
e Part of broad program to measure exclusive £ \\ e s y
cross sections P fy { : ]

/-,r

o

Tornqvist, PRL 53 (1984) 878

Z(10610)
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e*e” > BB + BB* + B*B* cross sections

B*B*

Method
e FEI: fully reconstruct one B
e Identify signals with M,__
e Combine with Belle measurement

A. Boschetti

[JHEP 06,137 (2021)]
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e*e” > BB + BB* + B*B* cross sections

2-body cross sections
fit with Chebychev
polynomials

Steep rise of the B*B*
cross section at
threshold

= hint at existence
of bound state
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Belle [Sci.Bull. 65 (2020) 23, 1983]
Belle Il new points

Shown at Moriond QCD 2023
(See Michel Bertemes' talk)
To appear on JHEP
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https://moriond.in2p3.fr/QCD/2023/MondayMorning/Bertemes.pdf

Belle Il potential: high energy scan '™

Change CM Y, T, _-;:"

Only 5 fb' integrated by Belle at Y/(6S) (five points) energy

Small dataset compared to Y(5S) (121.4 fb™)
With more data:

e Search for missing conventional bottomonia

o spin-singlets in 3S, 3P, 1D multiplets e | ; S X
e Measure nand T transitions BFs YOO MR ng xgn To Xi -
o HQSS violation, molecular states A z w, ¥
e |[fZ isamolecule, partners must appear [
o vy, ptransitions T A e Xm Yo
o no predictions on W, production rate - 4
e Strange partnersZ__7? Ll i
o e'e 7, K- KK (bb) (~112 GeV) .
¢ 15(JP): 1+(1%) 1:(0") 1:(1%) 124
20
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Belle |l potential: B decays

e High-statistics continuation from B-factories i A
e Competition from LHCb: advantages for modes with neutrals
o Confirm Z_states and search for neutral partners
o Absolute branching ratios for B » X(3872,3915) K

. . . O_O O
o X(3872) width and lineshape measurement with D°D°r B decays
£ signal 2”7 Broken signal + Generic background — Total
40 — e i 400 - {: E & i: 2f
E Zc‘(4050) - X@E8T2)y " ! ; E " g Wk
. 35 3 Z.*(4250) 300 |- T Leger Yo o g g »
S OF gt S S uf
L, - - S 200 § § uf
< 5F = B & i §
[aY] C D B
o - - Q - 0 0 e N
O' 20 = ‘(E 100 2 3.87 3875 388 3.885 3.89. 389 39 387 3.885 3.89‘ 3895 39
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2 15p : 5 g g of
R ' - c o ' 3 =
& 10 & - | = o 1
= 3 § ‘é' sf
sedl ! + ' =100 g S
EAL 0 L sesindeor b gl 1 12 14 16 18 2 E 5
%.6 3.8 4 42 44 46 438 = CPI SN
Kaon Momentum (GeV/c) -

M (x.,n"), GeV/c?
| PRD 78, 072004 (2008) |

387 3875 38 3.885 389 3895 39

PRL 124, 152001 (2020) MDD ") (GeVic?) M(D°D ) (GeVic?)

PRD 107, 112011 (2003) 21
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Belle Il potential: other processes

JPC=1==
\/ ,"~,.
3 . e SR
.-’ o Continuous mass range above 4.9 GeV/c?
- o Higher masses/channels
Initial state radiation h
o Z_states (e.g.e+e-~» h_mm) -
P Iy e Double charmonium 2 |
/c o ete-»(ccbar),(ccbar),_, production rule §100
€ - 3 o Discovery of X(3940, 4160)
Double CC G o Expand to other new states 50 -
e Two-photon
JPC=Ot+
& 2+ o JPCof X(3915) 0,
o Confirm ¢J/y state?
o DUDbarfinal states " oE [ PRL 104, 092001 (2010) |
5 S ,E
vy collisions 2 of oJhy
F DS e S T R
3.85 39 3.95 4 4.05 4.1 4.15 4.2 4.25
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INn conclusion

e The advent of B factories has led to a renaissance of hadron spectroscopy
e Bellellisone of the experimental pillars in the quarkonium sector

o some production modes are unique to Belle ||
e Therecent scan data is starting to show interesting results

Stay tuned for many more to come! ®
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Backup



Promising e+e- energy regions

Molecular states are naturally located (and produce the largest effects) near the
corresponding threshold

Particles Threshold, GeV/ c2

(x) p** =
B(*)L_? LL00=FLoe | Within current SuperKEKB reach
By ~BY* 11.13 - 11.26
Ay Ap 11.24
Brxpe* 11.44 — 11.49
Bosg2 11.48 — 11.68 Baryon-antibaryon molecules?
Ap A3 11.53 — 11.54 Need to increase max E__ ...
ni*) i) 11.62 — 11.67
AR 11.82 - 11.84
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Y(6S) results in Belle-I

» Preliminary evidence for Y(6S)—nrh,(nP), via ani(106XX) decay
Y(3S) Y(6S)

a P - P -
o | M= < S000F <4000 I
% S 4000 512000 F I
a 2r 2 3000 F 210000 £
2 J , 2000 8000 £
O ol==—__1.. 1 1000 —i ________ iggg?
: ) - E
[ P 0f - Faaliccs e

hb(n )..l........ i EE E l 2000 F ) i s T
5 f -1000 FH | 4 ) S - '
Q L E F (e
: 6 '20001_|...|...|.V‘I,“|.. 2000 ¢ . 1y o o L 'I )
k| 105 106 107 108 1065 107 10.75 108 10.85
= ar \ Mpiss(R), GeVic? M,s(R), GeV/c?
o~ L
b
£ I \ / _
% 0 o T e e e s s = B R S

) .1|1. s arXiv:1508.06562
Em (GeV)

» Resonance structure of Y(6S) —» nnY(pS) decays not fully studied

5th Belle-II Italian Meeting R.Mussa, Bottomonium Physics at Belle-II
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Y(6S) results in Belle-I

__ First evidence for

o~ N(\.)
;;’) 600: qrf m~h,(1P) at Y (6S) E 1150F  (a)
= - w 1100+
u’ =% - -
o S8 5 1050 First observation of
g B oot nt mh,(2P) at Y(6S5)
— = L
c . . % Q - . g
§ 400 Significance: 3.5¢ - Significance: 5.3c¢
s | L | ' L L " | ' "
No P S S S I SN T T T (N SR S S S NN S SR S NQ 40 -_
> @ 30f (b) 1
= - :
> + + ©  20F /
2> i jt <TL e o 4
z # ¥ %H’ £ +++%H##H+Hw 1 ﬁﬂ%
o g s
o q y uJ—/IOZ_..I....I....|+..A
99 995 10 102 10.25 103
M jes(m ), GeVic? M e, GeVic?
Significance figures include syst errors
5th Belle-II Italian Meeting R.Mussa, Bottomonium Physics at Belle-II
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st searches in Belle-II

11300
Threshold for Z_+K = B, B,(1R,), B, B,(1P,)
’ 11200} B,B,(1P,), B,B,(1P,)
B(1P,)B;}, B* B,(1P,), B(1P,)B.}, B* B,(1P,
11100} T B(1P,)B,, BB,(1P,), B(1P,)B,, BB,(1P,)

B* B(1P,), B* B(1P,)
BB(1P,), BB(1P,)

2 L
(]
o For Z , we need at
= least 11.2 GeV, i.e.
G E>M(B*Bs)+M(K)
v BB}
L2
10800 .
= i - Y(6S) not enough
B'B pp
10700} B' B, BB - Zbs cannot go to
— B*B* BB, hb(ZP), M=10.25
10600 B — il
BB
10500
5th Belle-II Italian Meeting R.Mussa, Bottomonium Physics at Belle-II
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Y (6S prospects in Belle-I1 phase 11 (Voloshin at B2T1P-2016)

» With current (limited) statistics at T(6S) (~ 11.00 GeV):

T(nS)rm

- ik ( nS)ﬂ'ﬂ' | throughZ,
hp(kP)mtm

res)  ho(kP)rm

T(59)

l.e. at T(6S) essentially no non-resonant background not
associated with Z!, unlike at T(5S). (The HQSS ‘“forbidden’
channels hy(kP)rr go exclusively through the Z{” within either
peak.)

» 11006 MeV is the threshold for B;(5721)B. If the pair is produced
near threshold, then a ‘threshold triangle singularity’ is possible with

Z3(10610)
Z,(10610) [not the Z,(10650)].

5th Belle-II Italian Meeting R.Mussa, Bottomonium Physics at Belle-II
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QCD in a nutshell

QCD is the theory of quark and gluon interactions
e SU(3) symmetry
o 8 gauge bosons, 3 charges
Asymptotic freedom

e weaker interaction at higher energies
e non-perturbative regime at low energies

Confinement

e quarks are always confined inside color
neutral particles (hadrons)
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QCD in a nutshell

. . . -1
QCD is the theory of quark and gluon interactions CMS = 497 (7TeV)
105 antik; (R=05)jets
e SU(3) symmetry 2 " P > 30 GeV, f*| <24 7
o 8 gauge bosons, 3 charges ol i B ]
= []Z+jets 3
% 103 B XXX KK KX % @ﬁ+jets ——
5 “ """ R [Jdiboson 5
C . [Jri+ets
Perturbative QCD works very well 102 Bwwt =
However 7o joou
__ .. _ N —

e nottheregime in which matter is formed Q ”25 ' '
e notthe regime in which meson and baryon Y S ———— ]
structures arise © o5- -
0

1 2 3 4 5 6 7
Jet multiplicity
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Facing non-perturbative QCD

a_is not a good expansion parameter to study bound states

0.5
A A Deep Inelastic Scattering
04l oe c¢te— Annihilation i
’ o Hadron Collisions
® @ Hcavy Quarkonia
03t
2/
3
0.2
0.1F
== QCD a(MZ) =0.1189 £0.0010
1 10 100

Q[GeV]
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Facing non-perturbative QCD

a_is not a good expansion parameter to study bound states

Solve QCD numerically (on the lattice)

]

!

gluon qugrk
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Use effective theories

adroquarkonium

L Molecules

pNRQCD }

Light cone J
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Heavy and light hadrons

cc baryons
charm mesons c¢ pentaquarks
uds mesons charm baryons b baryons __ )
cccc mesons
uds baryon
Nocp charmonium b mesons B mesons bottomonium
R— = ,,(l, N
0 1 2 3 4 5 6 7 8 9 10 11

Mass [GeV /]

SR || ] cusrs courass
B || = . sesm coco .

I I Belle Il, LHCb, CMS ...
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Exotics: where we are
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——2Z2(4020)

—3(3842)
3

INn 15 years we discovered

~ 30 exotics in charmonium
3 exotics in bottomonium
5 pentaquarks
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Full Event Interpretation

Classifier value Ptag discriminates
correctly reconstructed tag-sides from
background

Determine the correctly reconstructed
tag-side yield by fitting M__

1 f
aop{ 1 FEI it
l { FR + f
% 300 f
.E ] f +
3 2001 1
¢
] i ;
100 ¢
i i . ‘ 0!; ;.'
0 - T T T T T
524 525 526 527  5.28

M, in GeV
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T(48)

: i
: fr’s’\r l+
EB-l- e,
T sig ".,.
: '....
Y

e Reconstruct one B meson as tag-side
(Btag) hadronic or SL

e Studyremaining B meson as signal (B

sig)
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Full Event Interpretation

Utilises O(200) decay channels with a classifiers trained for each

Reconstructs O(10000) unique decays chains in six stages
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